Abstract Sarcopenia, the loss of skeletal muscle mass and function with aging, is a major contributor to frailty and morbidity in older adults. Recent evidence has emerged suggesting that endothelial dysfunction and insulin resistance of muscle protein metabolism may significantly contribute to the development of sarcopenia. In this article we review: 1) recent studies and theories on the regulation of skeletal muscle protein balance in older adults; 2) the link between insulin resistance of muscle protein synthesis and endothelial dysfunction in aging; 3) mechanisms for impaired endothelial responsiveness in aging; and 4) potential treatments that may restore the endothelial responsiveness and muscle protein anabolic sensitivity in older adults. ª
Introduction
Aging is associated with the development of vascular endothelial dysfunction [1] and age-related declines in both skeletal muscle mass and function [2, 3] . A hallmark of endothelial dysfunction is impaired endothelial-dependent dilation [4, 5] . Specifically, in response to chemical (e.g. acetylcholine, insulin) or flow-mediated stimulation there is a reduced endothelial responsiveness in older adults [5, 6] . In addition to being a well known risk factor for the development of cardiovascular disease [7] , endothelial dysfunction may play a critical role in the age-related loss of skeletal muscle mass and function, called sarcopenia [6, 8, 9] .
The prevalence of sarcopenia is reported to range from approximately 23e27% in adults aged 65e90 years, and 30e50% in adults over 80 years of age [10] . Sarcopenia is characterized by decreased skeletal muscle mass, strength, and function [11] . It is associated with increased risk of falls, fractures, and morbidity [3, 12, 13] . As such, sarcopenia represents a significant geriatric syndrome which can negatively impact quality of life, ability to perform activities of daily living, loss of independence and ultimately result in mortality [3, 14, 15] .
Given the increasing age of our population the prevalence and health impact of sarcopenia will surely rise over the coming decadesdemphasizing the need for researchers and clinicians to better understand mechanisms underlying the development and progression of this age-related condition. Here, we will review 1) recent studies and theories relevant to the regulation of skeletal muscle protein balance in aging; 2) the link between insulin resistance of muscle protein synthesis and endothelial dysfunction in aging; 3) mechanisms for impaired endothelial responsiveness in aging; and 4) potential treatments that may restore the endothelial responsiveness and muscle protein anabolic sensitivity in older adults.
Regulation of muscle protein balance in aging
Skeletal muscle mass largely depends upon the protein content in the muscle fibers, which is determined by the net balance between protein breakdown and synthesis. Over time, the balance between protein synthesis and breakdown can result in muscle loss (when breakdown exceeds synthesis), muscle gain (when synthesis exceeds breakdown), or muscle maintenance (when synthesis and breakdown are equivalent). Thus, it stands to reason that age-related muscle loss results from a prolonged imbalance between skeletal muscle protein synthesis and breakdown. Between meals in the postabsorptive state, net balance is negative which is indicative of an overall catabolic state. Conversely, following a meal, net balance is positive, indicating protein accretion. As dietary protein is a potent stimulator of skeletal muscle protein synthesis [16, 17] via the direct effect of essential amino acids, numerous studies have been conducted to determine if there is an agerelated difference in response to protein intake.
Protein intake, aging, and muscle protein synthesis
Young and older adults have equivalent rates of net muscle protein balance in the postabsorptive state [18, 19] . However, the data regarding the anabolic impact of protein intake are more varied, and appear to depend on the quality and quantity of protein or essential amino acids utilized. Consistent with previous findings Katsanos et al. [20] found that young and older adults exhibit an equivalent postabsorptive net balance. However, when fed a small bolus (7 g) of essential amino acids older adults displayed an attenuated anabolic response compared to young subjects. These researchers also examined the effect of leucine content on the anabolic response to essential amino acids consumption in young and older adults. Among essential amino acids, leucine is known to be the most potent stimulator of muscle protein synthesis. They found that a 7 g bolus of essential amino acids containing 26% leucine significantly stimulated muscle protein synthesis in young but not in older adults, whereas a 7 g bolus of essential amino acids containing 41% leucine significantly elevated muscle protein synthesis in both young and older adults [21] . These findings have been supported by others showing that higher leucine levels favor elevated muscle protein synthesis in older adults [22, 23] . Others have conducted similar studies with intact protein sources. In a representative study, Symons et al. [24] , examined the influence of a moderate (113 g, 220 kcal, 30 g protein) and large (340 g, 660 kcal, 90 g protein) serving of 90% lean beef on muscle protein synthesis in younger (approx. 34 yrs) and older adults (approx. 68 yrs). The authors reported that muscle protein synthesis was elevated to the same extent in both young and older adults, and that the serving size did not affect the anabolic responsedsuggesting a ceiling effect for the influence of protein intake on synthesis. Likewise, Koopman et al. [25] examined the impact of 35 g of intact casein on muscle protein synthesis in young and older men, and found that this level of protein consumption elicited a comparable skeletal muscle protein synthetic response in both age groups. Collectively, these data suggest that older adults may be slightly less sensitive to the anabolic effects of protein ingestion particularly at lower intakes, but that given a sufficient quantity and/or quality (i.e. higher leucine content) of protein that the anabolic response is comparable in young and older subjects.
Mixed nutrient intake, aging, and muscle protein synthesis
While examining the anabolic impact of protein intake alone has provided insightful data, the real-world applicability of such interventions is questionable, as both young and older adults are unlikely to consume a protein-only meal as part of their habitual diet. In an initial study from our group [26] we gave an amino acid-glucose mixture (40 g of amino acids þ 40 g of glucose divided over 3 h) to both young and older men and women. Consistent with the other findings, young and older subjects had nearly identical rates for postabsorptive muscle protein synthesis. However, during the consumption of the mixed meal, the young subjects had a significant increase in muscle protein synthesis, while muscle protein synthesis rates did not increase in the older subjects. This finding was later confirmed by others who found impaired phosphorylation of p70 S6 kinase 1 (S6K1), a key translation initiation regulator of the mTOR signaling pathway in older adults. [27] . Thus, it appears that aging is associated with decreased anabolic efficiency in response to a mixed meal containing carbohydrate and protein. In a follow up study, we determined if the reduced muscle protein anabolic response to mixed nutrients in older adults was due to resistance to the anabolic action of insulinda hormone that in addition to its effects on glucose metabolism also stimulates skeletal muscle protein anabolism.
Age-related insulin resistance of skeletal muscle protein synthesis
To test this hypothesis, we performed hyperinsulinemiceuglycemic clamp studies in young and older adults [6] . Insulin was infused directly into the femoral artery to increase the leg insulin levels to approximate post-prandial values while avoiding systemic hypoaminoacidemia. Insulin significantly stimulated muscle protein synthesis in young but not older subjects. There was no significant change in muscle protein breakdown as measured by two-and threepool modeling. The increase in synthesis in young subjects resulted in a shift from negative to positive protein net balance across the legdindicating overall net protein accretion during the clamp in young subjects. In the older subjects, however, the net muscle protein balance remained negative. Additionally, changes in muscle protein synthesis in all subjects were positively correlated with amino acid delivery to the leg and blood flow. Blood flow, in fact, was lower in older as compared to younger subjects at baseline and during the clamp, and tended to increase from baseline in young adults only during the clamp. This effect was likely mediated through insulin-induced vasodilation. Insulin is a potent stimulator of the endothelial-derived vasodilator, nitric oxide [28] . In a subsequent study we reported that this age-related insulin resistance of muscle protein synthesis could be overcome by increasing insulin levels to approximately double the post-prandial levels via improvements in mTOR signaling [8] . Consistent with our previous findings there was a very clear association between muscle protein synthesis and blood flow/amino acid delivery. Wilkes et al. [29] also reported that a euglycemic-hyperinsulinemic clamp elicited a shift from negative to positive protein net balance in young but not older subjects. However, their data indicated that this shift was driven by insulin-induced decrease in muscle protein breakdown, rather than an increase in muscle protein synthesis. These inconsistencies could be a result of the different route of administration of insulin (localized vs. systemic), and the fact that in the Wilkes study octreotide (a somatostatin mimetic) was infused along with insulin. Among its numerous pharmacological effects, octreotide is a vasoconstrictor. As insulin's ability to stimulate muscle protein synthesis appears critically linked to its ability to stimulate blood flow and amino acid delivery, the use of octreotide may have impaired insulin's capacity to increase muscle protein synthesis in the young subjects.
To mechanistically determine if the associations between the insulin's effects on blood flow and amino acid delivery are essential for the hormone to exert its anabolic effect on skeletal muscle proteins, we performed a euglycemic-hyperinsulinemic clamp on healthy young subjects with or without the concomitant infusion of the nitric oxide (NO) synthase inhibitor NG-monomethyl-Larginine (L-NMMA) [30] . Blood flow was measured during the clamp and the rate of L-NMMA infusion was adjusted to clamp blood flow at basal values. Blocking the endothelialdependent increase in blood flow during hyperinsulinemia attenuated the effects of insulin on amino acid delivery, mTOR signaling, muscle protein synthesis and net balance. Conversely, the anabolic effect of insulin in older subjects was restored when vasodilation was induced by co-infusion of insulin with the vasodilator sodium nitroprusside (SNP) [9] . Overall, these data illustrate that increased blood flow and amino acid delivery are critical for insulin to exert its anabolic effects on skeletal muscle proteins. In addition to traditional large vessel blood flow, in these studies we used a novel contrast enhanced ultrasound technique to measure microvascular perfusion of leg skeletal muscle. A comparison of the young and older subjects from these two studies showed that older subjects exhibited lower postabsorptive microvascular perfusion, and a significantly blunted microvascular response to insulin compared to young subjects. Infusing SNP during the insulin clamp in older subjects restored microvascular perfusion to the level observed in young subjects. Collectively, these data show that the age-related attenuation of the anabolic action of insulin on skeletal muscle protein synthesis appears to be the result of impaired endothelial responsiveness to the vasodilatory effects of insulin.
Mechanisms for impaired endothelial responsiveness in older adults
There are a number of theories regarding mechanisms that may contribute to impaired endothelial-dependent vasodilation in aging. Fig. 1 Here we will briefly review the following: 1) elevated endothelin-1; 2) decrease nitric oxide availability; and 3) elevated inflammation and oxidative stress. For a more in depth review see Seals et al. [31] .
Elevated endothelin-1
Endothelin-1 (ET-1) is a powerful endothelial-derived vasoconstrictor that has been implicated in the development of hypertension, insulin resistance and heart disease. For instance, elevated ET-1 interferes with insulin receptor signaling [32] , and has recently been reported to impair glucose uptake in human skeletal muscle [33] . Researchers have shown that with advancing age levels of this vasonconstrictor are increased [34] . As insulin is a potent vasodilator and anabolic hormone, the receptor interference by ET-1 could logically impair both insulin-induced vasodilation and skeletal muscle protein anabolism. In a rat model of diabetes, Verma et al., [35] found that diabetic rats are hyper-reactive to ET-1 compared to control rats, and that blockade of ET-1 normalizes endothelial function.
In our studies, we found that circulating levels of ET-1 were higher in older than young subjects at baseline and during a euglycemic-hyperinsulinemic clamp [6] . Not surprisingly, blood flow at baseline and during the clamp was also lower in older adults, as was the anabolic response to insulin administration. ET-1 has also been reported to be elevated in endothelial cells from healthy older compared to young men, with an inverse correlation between ET-1 expression and endothelial-dependent dilation [31] .
Decreased nitric oxide
In contrast to ET-1, NO is an endothelial-derived vasodilator that may decrease with advancing age. Taddei et al. [36] found that aging was associated with a blunted endothelial-dependent dilatory response to acetylcholine, but not SNP, a direct NO donor and endotheliumindependent vasodilator. This suggested an impairment of endothelium dependent vasodilation rather than an agerelated decrease in the sensitivity to NO. They also found that aging was associated with a decrease in the ability of L-NMMA to inhibit acetylcholine-mediated endothelialdependent dilation. In fact, in subjects greater than 60 years old, L-NMMA had almost no effect on endothelialdependent dilation. These data indicate that decreased NO availability may be a major factor in age-related endothelial dysfunction as measured by endothelialdependent dilation. This hypothesis is further supported by studies showing that administration of tetrahydropterin (BH 4 ), a cofactor for NO production, selectively improves endothelial-dependent dilation in older compared to young adults [37, 38] .
Elevated inflammation and oxidative stress
Both inflammation and oxidative stress have been reported to increase with advancing age [39, 40] . There is substantial evidence that both play a role in the development and progression of numerous age-related diseases and conditions including cardiovascular disease, insulin resistance, and sarcopenia [41] . It has been proposed that elevated levels of the inflammatory cytokine TNF-a may contribute to impaired endothelial-dependent dilation by disrupting cell-to-cell communication through gap junctions [42] . In the endothelium, this could presumably disrupt a coordinated vasodilatory response. In support of the role of inflammation in impaired endothelial-dependent dilation, researchers have shown that inhibiting TNF-a or NF-kB, a transcription factor that facilitates increased inflammatory cytokine expression, that blood flow and endothelial-dependent dilation are restored to "young" levels in aged rodents and humans. [43, 44] . There is also evidence that impaired endothelial function and inflammation may create a positive feedback loop, further exacerbating these deleterious effects of inflammation. Specifically, while inflammation decreases endothelial function, it is also known that an elevated ET-1/NO ratio can lead to increased leukocyteeendothelium interaction, Figure 1 Theoretical model of the impact of aging on endothelial function and muscle protein synthesis. Exercise is known to positively affect both nitric oxide (NO)_synthesis and the skeletal muscle protein anabolic sensitivity to insulin and essential amino acids (EAA).
and thus increased inflammation [45, 46] . This cycle of inflammation and endothelial dysfunction underscores the link between these conditions and diseases associated with age and obesity (i.e. diabetes and cardiovascular disease), which are both associated with elevated inflammation and endothelial dysfunction.
Increased oxidative stress, can inactivate BH 4 thus reducing NO availability [47] . This process may be exacerbated by decreased anti-oxidant defense mechanisms also reported with advancing age. In both humans and animals, the use of anti-oxidant treatments have been shown to improve endothelial-dependent dilation, highlighting the potential contribution of oxidative stress in impaired endothelial responsiveness [36, 48] .
Potential treatments to restore endothelialdependent dilation and skeletal muscle protein anabolism in aging Exercise Both acute aerobic exercise and aerobic training have a beneficial impact on endothelial-dependent dilation and the response to anabolic stimuli in older adults. For instance, a prior bout of moderate-intensity aerobic exercise restored the muscle protein anabolic effects of insulin in healthy, older adults [49] . Consistent with the hypothesis that the anabolic effect of insulin is linked to its ability to stimulate blood flow and amino acid delivery, both measures were elevated during hyperinsulinemia and resulted in improved mTOR signaling only in the exercise group. A potential mechanism for this improved endothelial response to insulin is that ET-1 was significantly reduced in the exercise compared to control group. Others have reported that regular aerobic exercise improves endothelialdependent dilation in older men possibly by increasing NO availability and decreasing oxidative stress [37] da finding not observed in post-menopausal women [50] . Similarly, as aerobic training has been reported to reduce circulating levels of inflammatory cytokines [51] and bolster antioxidant defense [52] , the anti-inflammatory effect of exercise may underlie improvements in endothelialdependent dilation and sensitivity of muscle proteins to anabolic stimulation in older adults. In fact, besides inhibiting endothelial-dependent dilation, elevated inflammation is reported to increase skeletal muscle protein breakdown [53] .
Dietary interventions
There is substantial evidence that healthy dietary changes (i.e. increased fruit and vegetable intake, reduced sodium and saturated fat) improve endothelial-dependent dilation in older adults [54, 55] . Recent studies have specifically shown a potential beneficial impact of omega-3 fatty acids on both endothelial-dependent dilation and muscle protein maintenance in older adults [56, 57] . For instance, Smith et al. [56] reported that 8 weeks of omega-3 fatty acid supplementation significantly improved the protein synthetic response to a euglycemic-hyperinsulinemic clamp. In a recent review, Egert and Stehle conclude that while promising, the reports of omega-3 0 s potential impact on endothelial function are varied, and may be dependent on sex, age, and health status [58] . Additionally, dietinduced weight loss has been reported to improve indices of endothelial function [59] and inflammation [60] . For example, Haspicova et al. have recently shown that 7% weight loss in obese, pre-menopausal women resulted in a significant improvement in endothelial responsiveness during an oral glucose load and maintenance of lean mass [61] . As we have shown a strong relationship between insulin-induced blood flow and the anabolic effects of insulin, a reduction in fat mass could plausibly improve anabolic sensitivity of skeletal muscle concomitant with improved endothelial function. A recent study from Villareal et al. has in fact highlighted that a 10% weight loss improves the response of skeletal muscle protein synthesis to feeding in morbidly obese older adults [62] . This warrants further investigation, with the caveat that potential changes in lean mass would have to be monitored carefully in elderly/clinical populations during a weight loss intervention.
Conclusions
Aging is associated with significant impairments in endothelial-dependent dilation and the anabolic response to insulin and mixed nutrient intake. These phenomena appear to be linked mechanistically, and may contribute to the development and progression of sarcopenia. Recent data show that vasodilators, aerobic exercise and/or dietary interventions such as omega-3 fatty acid supplementation can normalize endothelial-dependent dilation and sensitivity to anabolic stimuli in healthy, older adults. Further studies are warranted to assess the long-term efficacy of such interventions, and to more clearly define the underlying mechanisms responsible for the age-related declines in endothelial function and muscle protein maintenance. Such studies will provide invaluable basic science data, which may ultimately be translated to public health recommendations for the treatment and prevention of sarcopenia.
